The requirement for laboratory control, at least with warfarin, is also a deterrent. The most prominent obstacle to wider adoption of antithrombotic prophylaxis, however, has been the fear of bleeding complications, which inevitably to some degree attend the use of antithrombotic drugs in surgical patients.
An alternative approach, attractive because of its freedom from hemorrhagic side effects, is the use of physical methods to reduce pooling of venous blood in the lower extremities and to increase the velocity of venous blood flow. Such physical techniques include elastic stockings, passive leg exercises, electrical calf stimulation, and external pneumatic compression ofthe legs. The latter has been most extensively studied and appears to be most effective among the physical methods available.
A substantial literature has developed regarding the use ofexternal pneumatic compression boots or leggings in patients at risk of venous thromboembolism, including patients undergoing neurologic operations,4-6 urologic surgery,7'8 general surgical procedures for malignant or benign disease,9"10 operations for gynecologic malignancy,"I orthopedic procedures,'2"13 and nonoperative conditions. 14 The mechanism of action of external pneumatic compression in reducing the rate of venous thrombosis in the lower limbs is conjectured to be twofold: a fluid mechanical effect expelling blood from the lower extremities to substitute for the action of the inoperative muscle pump in the recumbent patient, and enhancement of fibrinolytic activity. '5 The relative in-fluence of these two factors is not certain. External pneumatic compression appears to be associated with no bleeding complications even in patients undergoing extensive surgery.
Although external pneumatic compression of the legs has proven efficacious in reducing the rate of venous thrombosis, there are occasional failures associated with its use, particularly in high risk patients. In our trial of calf compression in neurosurgical patients,4 for exam, ple, 9% of patients who were treated with external pneumatic compression developed deep vein thrombosis (compared with 25% in the control group). As conventionally applied, external pneumatic calf compression may not produce an optimal hemodynamic effect. It is possible that an improvement in the fluid mechanical aspects of the procedure, brought about by modifications in the apparatus, would be reflected in an increase in its antithrombotic effectiveness.
Shapiro and associates have conducted an extensive study of the hydrodynamics of external pneumatic compression, first in theoretical and experimental circulation models'6 and later in human volunteers using gated blood pool scans of the lower extremities.'7 They compared the amount and rate of blood expelled when different modes of intermittent external pneumatic compression were applied to the lower extremities. Scintillation camera imaging ofthe labelled red cell pool synchronized to the pressurization cycle provided data on the time course ofchanges in regional blood volumes in the leg. They calculated regional values ofthe fraction of blood ejected as well as comparative indices proportional to flow rate, blood velocity, and wall shear stress, all of which might reasonably be regarded as figures of merit to be maximized in an attempt to obtain optimal prophylaxis against deep vein thrombosis. Using a fourcompartment cuff, they studied compression modes with different intercompartmental pressure gradations and different intercompartmental intervals to the onset of pressurization. The most effective system hemodynamically was found to be a four-compartment legging in which the bladders filled in sequence beginning at the ankle with graded pressures decreasing from ankle to knee. The optimal values for a four-compartment system were approximately 60, 50, 40, and 30 mmHg, decreasing from ankle to knee, with about 0.25 sec between pressurizations of successive segments, a pressure rise time of less than 0.5 sec, each segment held at full pressure for about 10 sec, and a period of about 50 sec with pressure relieved before the next cycle. No commercially available system is hemodynamically optimal or conforms to these features.
We tested the hypothesis that an external pneumatic compression device with these characteristics would improve antithrombotic efficacy in patients undergoing neurosurgical operations, a high-nrsk group that cannot safely be given antithrombotic drugs because of the hazard of intracranial bleeding complications. A corollary of this hypothesis would be that graded-sequential filling of such a specially designed apparatus would have sufficiently improved antithrombotic properties to justify its increased cost and complexity. We also studied the effect of different modes of calf compression on whole blood fibrinolytic activity to explore further the mechanism ofthe antithrombotic action ofexternal pneumatic compression.
Methods
The trial was initiated as a two-armed clinical study with randomization afforded by a series of sealed envelopes. Patients were assigned either to receive uniform compression delivered by a four-compartment system applied to the calf (Group II), with all compartments filled simultaneously to the same pressure, or to have sequential filling of the same system from ankle to knee with graduated pressure decreasing from ankle to knee (Group I) according to specifications derived from the studies ofKamm et al. ' 
Results
One hundred fifty-eight subjects were enrolled in the study, but 22 were dropped prior to its completion because of nonadherence to the study protocol in 13 patients, including two who refused the procedure because of discomfort, nonoperative therapy (5 patients), or fail- (Fig. 2) . Patients whose level of fibrinolytic activity was increased did not exhibit any clinically obvious bleeding tendency as a result, but blood loss was not measured and this issue was not rigorously appraised.
The effect of the treatments on the incidence of deep venous thrombosis is shown in The same conclusion will be reached if one considers as "positive" only those patients who had a positive scan with a positive (confirmatory) phlebogram or if one includes as positive all patients with a positive scan regardless of the phlebogram.
We calculated that if the present rate of venous thrombotic complications were maintained, approximately 500 patients in each group would be required to show a statistically significant difference between Group I and the other groups with an alpha error <0.05 and a beta error of 0.20.26 Because this was considered impractical the study was terminated at this time.
Discussion
External pneumatic compression is an established form of prophylaxis for prevention of venous thrombosis in postoperative patients. The relative importance of enhanced fibrinolysis and of physical dispersion of the components of a thrombus by hemodynamic factors in calfcompression is not known. In this study they tended to vary together. The failure of fibrinolytic activity to be enhanced by pneumatic compression in patients who subsequently developed venous thrombosis was predictable. The The evidence for the efficacy of pneumatic compression is persuasive, but calf compression might be even more effective if its hemodynamic effects were optimized. Among the four fluid mechanical parameters influenced by external pneumatic compression (flow velocity, volume flow rate, shear stress, and residual volume of blood in the limbs), it is not yet possible to decide which is most important for antithrombotic effectiveness of the system; however, since under normal circumstances they all tend to vary together, this point may be moot. It is clear that commercially available systems for applying external pneumatic compression to the lower limbs are not optimized in these respects.
We found that a system for external pneumatic compression in which the pressure was applied in a graded fashion, milking the blood from ankle to knee, was more effective hemodynamically, and in the clinical trial it proved to be more effective in enhancement of fibrinolytic activity than uniform compression applied to the leg either in a multiple bladder system or in a single bladder. Nicolaides et al. 29 have previously reported that a multiple bladder system involving sequential filling from ankle to thigh but with uniform pressure was more effective in accelerating femoral venous flow and was superior to a single bladder system in preventing proximal venous thrombosis in patients undergoing abdominal operations; however, there was no significant difference in the rate of calf thrombi. Since the sequentially filled device in their trial had thigh cuffs as well as calf cuffs and the single bladder system had only calf compression, it is not certain that the difference in the frequency of proximal (thigh) thrombi was attributable to the sequential filling. In a subsequent study, Nicolaides et Despite the improved hemodynamic effectiveness of the graded compression sequentially filled system and the superior biologic effects reflected by enhanced fibrinolytic activity, we were unable to show greater antithrombotic effectiveness for this device. There were no significant differences in the frequency of venous thrombosis in the three patient groups. Two possible explanations are: (1) regardless of the difference in hemodynamic effects, the difference in antithrombotic effectiveness among the three modes of external pneumatic compression is negligible, and the uniform compression system accomplishes all that can be expected of external pneumatic compression in respect to prevention of venous thrombosis, or (2) a real difference exists, with graded sequential compression being superior to uniform compression, but because ofthe limited number of patients or for other reasons, the study was insufficient in statistical power to show the difference (i.e., there is a possibility of a beta error).31 Even if the latter is true, however, the difference in efficacy of the three forms of 
